Abstract -Size stability of magnetite nanoparticles (MNP) with different surface functional groups in biological media was achieved by the addition of fetal bovine serum (FBS). The stability of the particles was attributed to the formation of protein coronas around the particles, which provides sufficient steric hindrance to prevent aggregation of the particles. The stability of different modified MNP were also studied in biological media containing bovine serum albumin (BSA) to further understand the stabilization mechanism. BSA was found to stabilize polyethyleneimine (PEI) modified MNP and polymethacrylic acid (PMAA) coated MNP, but not the bare MNP. These results indicate a difference in interactions between serum protein and the MNP that is govern by the type of functional groups on the MNP surface, with positively charged surface groups resulting higher protein adsorption and better stability.
I. INTRODUCTION
One key limitation to the application of magnetic nanoparticles in biomedicine is the tendency of the particles to aggregate, particularly in high ionic strength solutions such as biological media. While considerable success has been achieved in stabilizing magnetic nanoparticles in water, the challenge to produce magnetite nanoparticles with long term aggregation stability in high ionic strength media, particularly in biological fluid, still remains [1] . As such, considerable efforts are being made to produce dispersion of nanoparticles with long term size stability in biological fluid. The stabilisation of magnetic nanoparticles in biological media, however, is particularly challenging due to the additional magnetic force which attracts the particles together and the high ionic strength of the fluid which suppress the electrical double layer [2] . Several recent studies showed that presence of biological serum can improve the aggregation stability in biological conditions [3] [4] [5] [6] . In this work, further studies on the long-term stability of magnetite nanoparticles having different surface functional groups in RPMI-1640 solution with the presence of FBS was conducted, focusing on the different stabilization mechanism provided by the interaction between serum protein and different surface functional groups on the particle surface, leading to the design of a simpler, biocompatible, and stable magnetic nanoparticles in biological media.
II. EXPERIMENTAL
The synthesis of magnetite nanoparticles (MNP) was described in detail elsewhere [7] . Functionalization of MNP were conducted by mixing 3 mg/mL of MNP in Milli-Q water with 20 mg/mL of either cationic polyethylenimine (PEI, molecular weight 25 kDa, PDI 2.5) or anionic polymethacrylic acid (PMAA, molecular weight 20 kDa, PDI 1.12) in equal volume. The pH of particles suspension was adjusted to 10 and 6 for PEI and PMAA modified MNP, respectively, and the suspension was sonicated to improve the dispersion of MNP. Particles-polymer suspension was then mixed in rotating wheel for 24 h, followed by washing of the modified particles three times with Milli-Q water. PMAA used in this work was prepared with living radical polymerisation known as RAFT (reversible addition fragmentation chain transfer) following a similar method described elsewhere [8] , with some modification. Briefly, methacrylic acid, RAFT agent, and radical initiator with molar ratio of 280:1:0.1 respectively, were dissolved in 5 mL of methanol. The suspension was purged with nitrogen in an ice bath for 30 min, followed by heating the suspension in an 70°C oil bath for 6 h. Resulting PMAA was purified by repetitice precipitation (at least 3 times) in a vigorously stirred anhydrous diethyl ether.
Adsorption of serum protein onto the surface of MNPs was described in detail elsewhere [6] . Briefly, 125 ppm magnetite particles were prepared in RPMI-1640 solution containing different amount of FBS. The particles suspension was then mixed in rotating wheel for 24 h. Dynamic light scattering (DLS, Brookhaven BI-90 PALS) was used to measure and observe their hydrodynamic size over 16 h period and Transmission Electron Microscope (TEM, JEOL JEM 1400, 100 kV, 55 µA) was used to visualize MNPs suspended in the various media. Proteins on the surface of MNPs that withstand washing were released and analyzed using 1-D gel electrophoresis.
III. RESULTS AND DISCUSSION
Magnetite nanoparticles (MNP) synthesized using coprecipitation method in alkaline conditions resulted in nanoparticles with primary diameter between 10 and 20 nm. The surface modified MNP using either positively charged polyethylenimine (PEI) or negatively charged polymethacrylic acid (PMAA) could be confirmed by the shift of isoelectric point (pI) of particles from 7.7 for the bare MNP to 11.3 and 3.5 for PEI-MNP and PMAA-MNP, respectively (Fig. 1) . The tendency for bare MNP to aggregate in water at pH of 7.4 (biological pH) had been successfully prevented by modification of the surface of the particles with polymer, which could maintain the aggregate size of approximately 200 nm for at least 16 h. This is expected to be due to the high absolute zeta potential introduced by the polymeric coating which resulted in stronger electrostatic repulsion between the particles to prevent aggregation of particles, as well as steric hindrance introduced by the presence of polymer. However, the aggregation stability could not be maintained when the modified particles were transferred to a cell culture medium, RPMI-1640, which simulate the ionic strength of biological media (Fig. 2a-c) , and the highly aggregated particles were also shown by TEM images of MNPs (Fig. 3a-c ). The presence of fetal bovine serum (FBS), which contain mixtures of different protein, in RPMI-1640 however, were shown to interact with the surface of particles, forming a protein corona layer around the particles (Fig. 2b) , which provide steric hindrance for preventing aggregation of nanoparticles and maintained the aggregate size at approximately 250 nm in RPMI-1640 solution (Fig. 1) for different MNPs. The amount of FBS required for preventing aggregation of particles depends on the functional groups presence on the surface of MNP. The bare MNP, PEI-MNP, and PMAA-MNP required at least 2%, 0.5%, and 6% of FBS in RPMI-1640 solution, respectively, to achieve stable aggregates.
The bare and modified MNPs were also studied in RPMI-1640 solution containing bovine serum albumin (BSA), which is a major component of FBS. The data shows that in the presence of BSA, the aggregation stability of unmodified MNP could not be maintained and the hydrodynamic diameter of particles increased from approximately 300 nm to 600 nm over time (Fig. 2d) , although the presence of BSA could slow down the aggregation rate compared to the MNP suspended in RPMI-1640 solution (compared with Fig. 2a) . Aggregation of polymer coated MNP however, could be prevented in the presence of BSA only (Fig. 2d) . Stabilisation of PEI-MNP in the presence of BSA can be attributed to the different affinity of BSA for the positively charge PEI-MNP due to the negative charge of the BSA molecules. The stability of PMAA-MNP in presence of BSA however, also indicated the interaction between the negatively charged carboxylic acid on the surface of PMAA-MNP and BSA. These data suggest that the degree of attraction between the serum proteins and the MNP is governed by the type of functional groups on the MNP surface.
When onedimensional (1-D) gel electrophoresis was carried out on the protein released from comparable amount of MNPs (Fig. 4) , the protein bands corresponding to the PEI modified MNP is the most intense, which suggest that it has the highest amount of protein attached, followed by the bare, and then the PMAA-MNP. Note that Fig. 3b shows a three times dilution of the protein released from PEI-MNP as the concentration of protein in the original solution was too high. These results are expected as most serum proteins (e.g. BSA) are negatively charged, and therefore a positive charged surface such as PEI modified MNP would favour protein adsorption. However, in addition to the electrostatic interaction which causes adsorption of protein on oppositely charged surfaces [9] , proteins have amphiphilic character which will cause the adsorption of protein onto similar charged surfaces [10] , which explain the interaction between BSA and negatively charged PMAA-MNP surface. The slower rate of aggregation of bare MNP indicated the there is also an interaction between BSA and surface of bare MNP, although the aggregation of bare MNP could not be fully prevented. Different molecular weight protein being released from the surface of MNPs is listed in Fig. 4b which showed that different functional groups presents on the surface of MNP affect the type of protein attached.
The amount of protein strongly adsorbed onto the particles surface also determines the aggregation stability of the MNP in biological media. We have previously shown that proteins which have a high affinity will attach more strongly to the MNP surface, forming an enduring "hard" protein corona [6, 11] . A secondary protein layer that interact weakly with the "hard" corona is then adsorbed to form an additional steric layer around the particles ("soft" corona), and it is the latter which lead to the aggregation stability of MNPs in biological fluids [6] . This work shows the different serum protein interaction resulting as the different surface MNPs were introduced into a biological media. Although all of those MNPs showed better stability in serum containing medium, the different interaction between MNPs and protein were evident from the different amount of the protein required for achieving stability of particles and also the amount of protein released after the washing of serum protein conjugated particles. Better understanding on the different protein interaction with MNP having different surface functional groups would allow for a better design of particles surfaces to obtain a stable particles in biological media. 
IV. CONCLUSION
Presence of serum in high ionic strength cell culture medium, RPMI-1640, is shown to improve the stability of magnetite nanoparticles having different surface functional groups. Serum protein adsorption was found highest for PEI-MNP and least for the PMAA-MNP which affects the amount of FBS required for stability of various MNPs in RPMI-1640 solution, with PEI-MNP required the least amount of FBS, followed by bare MNP and PMAA-MNP. The presence of BSA to replace FBS was found to prevent the aggregation of PEI-MNP and PMAA-MNP, but not bare MNP. It is shown that the interaction between protein and particles surface is due to both electrostatic and nonelectrostatic factors. The understanding of the different interaction between serum protein and magnetite nanoparticles having different surface functional groups which had been subjected to numerous research for biomedical applications are required to provide better insight of stabilisation mechanism by serum protein, which would allow for the design of a simpler and safer magnetic nanoparticles.
